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Edited by Angel NebredaAbstract The WRN protein is mutated in the chromosomally
unstable Werner syndrome (WS) and the Nbs1 protein is mu-
tated in Nijmegen breakage syndrome (NBS). The Nbs1 protein
is an integral component of the M/R/N complex. Although WRN
is known to interact with this complex in response to c-irradia-
tion, the mechanism of action is unclear. Here, we show that
WRN co-localizes and associates with cH2AX, a marker protein
of DNA double strand breaks (DSBs), after cellular exposure to
c-irradiation. While the DNA damage-inducible Nbs1 foci for-
mation is normal in WS cells, WRN focus formation is defective
in NBS cells. Consistent with this, cH2AX colocalizes with Nbs1
in WS cells but not with WRN in NBS cells. The defective
WRN-cH2AX association in NBS cells can be complemented
with wild-type Nbs1, but not with an Nbs1 S343A point mutant
that lacks an ATM phosphorylation site. WRN associates with
H2AX in a manner dependent upon the M/R/N complex. Our re-
sults suggest a novel pathway in which Nbs1 may recruit WRN
to the site of DNA DSBs in an ATM-dependent manner.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In response to DNA double strand breaks (DSBs), a dy-
namic assembly of factors for DNA repair and chromatin
remodeling takes place at the site to restore genomic integrity.
Defects in these mechanisms lead to chromosome fragility syn-
dromes that share a common feature of genomic instability
associated with cancer predisposition. Among them, ataxia tel-
angiectasia, Nijmegen breakage syndrome (NBS), Bloom syn-
drome, and Werner syndrome (WS) show mutations in the
ATM, Nbs1, BLM, and WRN proteins, respectively. These tu-
mor suppressors curtail malignant phenotypes by repairing or
preventing DNA damage, thus suppressing the accumulation
of oncogenic mutations. DNA DSBs are generated at stalled
replication forks, by exogenous sources such as ionizing radi-
ation, and at sites of meiotic and V(D)J recombination [1].
Many repair/signaling proteins accumulate in the nuclear foci*Corresponding author. Fax: +1 410 558 8157.
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lesion, histone H2AX is rapidly phosphorylated (termed
c-H2AX) and is essential for the assembly of many critical re-
pair proteins into the foci [5]. Mammalian cells repair DNA
DSBs via two major pathways: non-homologous end-joining
(NHEJ) and homologous recombination (HR). It is generally
believed that correct cellular responses to DNA DSBs prevent
genomic instability, restricting the aberrant pathways that lead
to malignancies.
The cancer-prone WS patients are especially predisposed to
sarcomas and aging-associated diseases. WRN is a multifunc-
tional protein possessing helicase, exonuclease, and ATPase
activities [6]. Cells deﬁcient in WRN show an increased level
of chromosomal translocation and hypersensitivity to DNA
cross-linkers and c-irradiation [4,7–9]. In addition, recent re-
sults show that the RecQ helicase WRN may participate in
resolving recombination intermediates and that WS cells can
rejoin a linearized vector as eﬃciently as normal cells [9,10].
However, high rates of mutation are generated around the
rejoining sites [9,10]. WRN interacts with the DNA-PK com-
plex which is essential for the NHEJ pathway [8,11,12], and
also interacts with components of the HR pathway including
c-Abl, Nbs1, RPA, Rad51 and Rad52 [4,13–16]. In spite of
these ﬁndings, there have been no demonstrations of WRN
localization to the sites of DSBs, and the mechanism of how
WRN responds to DNA DSBs is unknown.
NBS is an autosomal recessive disease characterized by
immunodeﬁciency and a high incidence of hematopoietic
malignancy [17]. The mammalian M/R/N complex (containing
the Mre11, Rad50, and Nbs1 proteins) exhibits nuclease and
DNA unwinding activities and is required for S-phase check-
point [17]. In chicken cells, Nbs1 is also required for the repair
of DNA DSBs by HR [18]. At the cellular level, both WS and
NBS show hypersensitivity to DNA cross-linkers and DSBs
and defects in the HR repair pathway [7,9,13,18,19]. Clinically,
they both display graying of the hair, short stature, ‘‘bird-like’’
face, reduced life span, and increased malignancy. We have
previously reported that WRN and Nbs1 proteins interact
functionally and that Nbs1 also interacts with cH2AX [4,20],
but the mechanism of these interactions and whether they
interact at sites of DNA DSBs have not been investigated.
Here, we showed that Nbs1 facilitates the WRN recruitment
to the cH2AX foci, and that Nbs1 phosphorylation by ATM
on Ser-343 is important for WRN association and co-localiza-
tion with cH2AX in cells exposed to c-irradiation.blished by Elsevier B.V. All rights reserved.
Fig. 1. Interaction between WRN and cH2AX. (A) Association of
WRN with cH2AX. Lysates from MRC-5 cells were immunoprecip-
itated (IP), followed by immunoblotting (IB) using the indicated
antibodies. IR: 20 Gy, followed by IP after 3 h. Inputs contained 10%
of the amount of lysates for immunoprecipitation. (B) MRC-5 cells
were ﬁxed 6 h after irradiation (20 Gy) and were processed for
immunoﬂuorescence using antibodies against WRN (red) and cH2AX
(green). DNA was stained by DAPI (blue). The number shows the
percentage of WRN that co-localizes (yellow) with cH2AX.
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2.1. Cell lines
The primary NBS (GM07166B), WS (AG03141C) and normal
(MRC-5/AG05965E) ﬁbroblasts were cultured in Minimum Eagles
medium containing 15% fetal bovine serum (FBS) and complete sup-
plements according to the suppliers suggestions (Coriell Cell Reposito-
ries, Camden, NJ). NBS and Nbs1 or Nbs1 (S343A)-corrected NBS
cells [20] were cultured in Dulbeccos modiﬁed Eagles medium con-
taining 10% FBS.
2.2. Proteins and GST pull-down assays
The human H2AX gene was cloned into the pGEX-2T expression
vector (Amersham Biosciences) between the BamH1 and EcoR1 sites,
and the vectors were transformed into the Rosetta bacterial cells
(Novagen). The GST-H2AX fusion proteins were overexpressed by 1
mM isopropyl-b-D-thiogalactopyranoside induction for 3 h at 37 C.
The cell pellets were lysed by sonication in the ‘‘Bugbuster protein
extraction reagent’’ (Novagen) containing nuclease, lysozyme, and
protease inhibitors according to the manufacturers instructions. The
lysates were clariﬁed by centrifugation at 15 000 · g for 30 min at
4 C. One ml of the resulting supernatant was incubated with 60 ll
of glutathione beads (50% v/v) for 1.5 h at 4 C. The GST-H2AX-se-
pharose was incubated with WRN and/or the M/R/N complex for
1 h at 4 C, followed by a standard washing and Western blot analysis
described before [13]. The recombinant M/R/N complex and WRN
proteins were puriﬁed from insect cells as described previously [4,21].
The PP1 phosphatase was purchased from New England BioLabs
(Beverly, MA).
2.3. Immunoprecipitation and immunoblot analysis
Procedures for preparing the soluble and insoluble fractions of cell
extracts and anti-WRN immunoprecipitates were described previously
[4,13]. We used mouse monoclonal antibodies against phospho H2AX
(JBW301, Upstate, Lake Placid, NY), Nbs1 (clone 34, BD Biosciences,
Lexington, KY), and WRN (clone 30, BD Biosciences) for immuno-
blotting analyses. Membranes were stripped by the Restore Western
Blot Stripping Buﬀer (Pierce) when necessary.
2.4. Immunoﬂuorescence
Exponentially growing cells on glass coverslips were treated with c-
irradiation (1–20 Gy, Gammacell 40, 137Cs source emitting at a ﬁxed
dose rate of 0.82 Gy/min, Nordion International Inc.). After 1–8 h,
the cells were ﬁxed with 3.7% paraformaldehyde for 15 min, permeabi-
lized with 0.3% Triton X-100 for 10 min, and incubated with rabbit
antiserum against WRN or Nbs1 (Novus), or mouse monoclonal anti-
body against c-H2AX (Upstate). Immunoﬂuorescence was performed
essentially as previously described [22]. DAPI was used to stain the nu-
clei. The immunostaining was visualized by a ﬂuorescence microscope
with deconvolution (Zeiss Axiovert 200 M). The images at the Z-axis
were taken at a 0.5 lm resolution, and were processed and quantitated
using the softwares AxioVision 3.1 and AIM Rel 3.2 (Zeiss). Four
independent experiments were conducted and images shown are repre-
sentatives of at least 50 randomly selected cells.3. Results
3.1. WRN interacts with cH2AX upon treatment of cells with
c-irradiation
We ﬁrst determined whether cH2AX is associated with
WRN in cell extracts. The assays were performed using the
insoluble fraction, as the cH2AX protein was undetectable in
the soluble fraction (data not shown). Analyses of anti-WRN
immunoprecipitates by immunoblotting demonstrated an
association between WRN and cH2AX 3 h after c-irradiation
of cells with a dose of 20 Gy (Fig. 1A). Consistent with their
reported interaction in the soluble fraction [4], we found that
WRN associated with Nbs1 in the insoluble fraction (Fig.
1A). While increased levels of WRN and Nbs1 were detectedin the insoluble fraction after the c-irradiation treatment, the
control lamin B protein levels remained unchanged (Fig.
1A). Therefore, we conclude that WRN, Nbs1, and cH2AX
become associated after treatment of cells with c-irradiation.
We next determined the cellular localization of WRN and
cH2AX by immunoﬂuorescence (Fig. 1B). The majority of
WRN resides in the nucleoli in the untreated cells. At 6 h after
exposure of cells to c-irradiation (20 Gy), WRN re-localized
and formed distinct nuclear foci in 80–90% of the cells, and
cH2AX foci appeared in almost 100% of the cell population.
Among the cells containing WRN foci, many of these foci
(57 ± 9%) co-localized with cH2AX foci. This co-localization
is more evident than at 3 h (data not shown). Interestingly,
we detected less cH2AX in the anti-WRN immunoprecipitates
at 6 h than at 3 h (5%, Fig. 1A and data not shown). This
suggests that the interaction between WRN and cH2AX is
likely unstable and the interaction is disrupted when more fac-
tors are involved at later stages after DNA damage. Together
with the co-immunoprecipitation data, these results establish a
c-irradiation-induced association between WRN and cH2AX.
3.2. The WRN association with cH2AX depends upon Nbs1
expression and Nbs1 Ser-343 phosphorylation in cells
Earlier reports have shown that Nbs1 directly interacts with
cH2AX and WRN [4,20]. To further investigate how Nbs1
mediates the interaction between WRN and H2AX in response
to c-irradiation in vivo, we studied NBS cells and NBS cells
complemented with a wild-type Nbs1 and with a mutant
Nbs1 (S343A) to assess how the association between WRN
and cH2AX was aﬀected. Analyses of anti-WRN immunopre-
cipitates by immunoblotting with an antibody against cH2AX
failed to show any association of WRN with H2AX in the
insoluble fraction prepared from NBS cells 3 h after treating
them with diﬀerent doses of c-irradiation (0–20 Gy); however,
this defect was reversed if the lysates were prepared from
Nbs1-complemented NBS cells (Fig. 2). These results suggest
that the association between WRN and cH2AX is Nbs1-
Fig. 3. Nbs1 facilitates WRN focus formation in response to c-
irradiation. (A) Optimum WRN focus formation requires Nbs1.
Primary NBS cells and the MRC-5 control cells were analyzed to
locate endogenous WRN protein before or 2 and 8 h after irradiation
(20 Gy). (B) Nbs1 focus formation does not require WRN. Primary
WS and control cells were analyzed to locate endogenous Nbs1.
Numbers at the corners indicate percentage of cells showing the
pattern of WRN or Nbs1 distribution under the conditions.
Fig. 2. The Nbs1-dependent association between WRN and cH2AX.
Lysates from NBS cells or the cells complemented with a wild-
type Nbs1 or the residue 343 Ser-to-Ala Nbs1 mutant were prepared
3 h after irradiation (0–20 Gy), and were immunoprecipitated
(IP), followed by immunoblotting (IB) using the indicated antibod-
ies. Inputs contained 10% of the amount of lysates for immuno-
precipitation.
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phosphorylates Nbs1 on Ser-343, and this event protects cells
from replicating damaged genome [23]. Therefore, we also
tested for the possible impact of this phosphorylation site on
the WRN-cH2AX association. Compared with the cells com-
plemented with wild-type Nbs1, we found that the association
between cH2AX and WRN was severely hampered in the NBS
cells complemented with the S343A mutant Nbs1 (Fig. 2). Be-
cause mutation of this ATM phosphorylation site impairs, but
does not prevent, the WRN-cH2AX association, phosphoryla-
tion of Nbs1 by ATM on another site, Ser-278 [24], and/or
other ATM-independent pathways may also contribute to
the Nbs1-dependent WRN-cH2AX association. The amount
of the WRN and cH2AX proteins (Fig. 2), but not the total
amount of the H2A protein (data not shown), increased in
the insoluble fraction after treatment of cells with c-irradia-
tion. Therefore, the association between WRN and cH2AX
is Nbs1-dependent, and phosphorylation of Nbs1 on Ser-343
contributes to this interaction.
3.3. Nbs1 facilitates WRN focus formation in response to
c-irradiation
We next examined the interdependence of the WRN and
Nbs1 proteins on their focus formation. As shown in Fig.
3A, the nucleolar localization of endogenous WRN was simi-
lar in untreated primary NBS and in control cells. At 2 h after
treatment of cells with c-irradiation (20 Gy), the majority of
WRN was not re-distributed in either cell type. At 8 h,
WRN formed distinct foci in the nucleoplasm in the control
cells, but the size and intensity of WRN foci were markedly
attenuated in NBS cells. Next, we determined whether the
Nbs1 focus formation requires WRN. The distribution of
Nbs1 foci was similar in WS and control cells before and after
(2 or 8 h) the c-irradiation treatment (Fig. 3B), consistent with
an earlier report showing that the Mre11 foci were correctly
formed in transformed WS lymphoblasts treated with c-irradi-
ation [25]. Importantly, at 2 h after the c-irradiation treatment,
WRN foci were not as evident as Nbs1 foci (Figs. 3A and B).The WRN foci were clearly seen at later stages after c-irradia-
tion: at 6 (Fig. 1B) and 8 h (Fig. 3B). These results indicate
that, in response to c-irradiation, formation of Nbs1 foci pre-
cedes the Nbs1-dependent WRN focus formation, suggesting
that Nbs1 arrives ﬁrst to the site, and may then recruit
WRN to these foci.
3.4. Co-localization of WRN with cH2AX depends upon Nbs1
expression and Nbs1 Ser-343 phosphorylation
Nbs1 has been shown to co-localize with cH2AX rapidly
after cellular response to c-irradiation [5]. To establish whether
the Nbs1-mediated WRN foci are sites of DNA DSBs and to
further elucidate the mechanism of the focus formation, we
next determined whether the co-localization between WRN
and cH2AX is disrupted in NBS cells compared with NBS cells
complemented with either a wild-type or a S343A mutant
Nbs1 [20]. In agreement with an earlier report [2], most un-
treated cells of either type showed weak or a few punctate
cH2AX sites of immunostaining (Fig. 4A). In the untreated
cells, the majority of WRN protein was found in the nucleoli.
At 6 h after cellular exposure to c-irradiation (20 Gy), focus
formation of cH2AX was similar among the three NBS cell
lines. In contrast, the WRN foci were more pronounced in
the wild-type Nbs1 complemented cells, and less pronounced
in the NBS cells and in NBS cells complemented with the
S343A mutant protein (Fig. 4A). The percentage of WRN that
co-localized with cH2AX was greater (P < 0.05) in the Nbs1-
complemented cells (53 ± 10%) than in NBS cells (12 ± 9%)
and in the cells complemented with the S343A mutant Nbs1
(19 ± 9%). Interestingly, WRN focus formation, but not
WRN re-localization from the nucleoli, was defective in the
irradiated-NBS cells. We detected a comparable amount of
the complemented wild-type Nbs1 and S343A-mutated Nbs1
proteins in NBS cells (Fig. 4B). These two events may be sep-
arately regulated by Nbs1 and c-Abl [13], and it is of future
interest to discern the mechanisms of WRN re-localization
Fig. 4. Co-localization of WRN with cH2AX is mediated by Nbs1 and
its Ser-343 phosphorylation. (A) NBS cells and the cells complemented
with a wild-type Nbs1 or the residue 343 Ser-to-Ala Nbs1 mutant were
untreated or treated with c-irradiation (20 Gy), and were processed for
immunoﬂuorescence 6 h later using antibodies against WRN (red) and
cH2AX (green). DNA was stained by DAPI (blue). The numbers show
the percentage of WRN that co-localizes (yellow) with cH2AX. (B)
Nbs1 protein expression in NBS cells or the cells complemented with
wild-type Nbs1 or the S343A mutant Nbs1.
Fig. 5. Co-localization of Nbs1 with cH2AX is independent of WRN
status. MRC-5 and WS primary ﬁbroblasts with or without c-
irradiation treatment (20 Gy) were processed at 6 h for immonoﬂuo-
rescence using antibodies against Nbs1 (red) or cH2AX (green). DNA
was stained by DAPI (blue). The numbers show the percentage of
Nbs1 that co-localizes (yellow) with cH2AX.
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suggest that Nbs1 recruits WRN to sites of DNA DSBs, and
phosphorylation of Nbs1 on Ser-343 contributes to this event.
3.5. Co-localization of Nbs1 with cH2AX is independent of
WRN expression
We next tested for the possibility that WRN aﬀects the co-
localization of Nbs1 and cH2AX after c-irradiation. Consis-
tent with earlier reports [26–28], we found a few Nbs1 foci in
untreated cells, but the foci became more robust 6 h after the
c-irradiation treatment (Fig. 5). The cH2AX foci appeared
in almost all cells 6 h after irradiation and they co-localized
with Nbs1 to a great extent (85%). The level and pattern of
the co-localization between Nbs1 and cH2AX did not diﬀer
between the MRC-5 control and WS cells, suggesting that
co-localization of Nbs1 with cH2AX in response to c-irradia-
tion is independent of the WRN protein.
3.6. The M/R/N complex bridges WRN to cH2AX
To further support our observations of an Nbs1-dependent
WRN interaction with cH2AX from in vivo experiments, we
next conducted in vitro binding assays using recombinant pro-
teins to conﬁrm the interaction between WRN and H2AX. Wefused H2AX to glutathione S-transferase (GST) (Fig. 6A), and
incubated GST and GST-H2AX with WRN in the presence or
absence of the M/R/N complex. GST pull-down experiments
demonstrated that WRN alone bound insigniﬁcantly to
H2AX (Fig. 6B), which is consistent with the lack of a
H2AX-binding fork-head associated (FHA) domain in the
WRN protein. Interestingly, the presence of the M/R/N com-
plex substantially increased the amount of WRN in the adsor-
bates. When in association with the Mre11 and Rad50
proteins, Nbs1 bound to H2AX to a greater extent in the pres-
ence of WRN (Fig. 6B). Interestingly, analyses of this bacteri-
ally expressed GST-H2AX by immunoblotting using an
antibody against cH2AX suggest that this GST-H2AX is
phosphorylated at Ser-139 (Fig. 6B). It appears that only a
subset of the recombinant protein is phosphorylated, as the
band intensities of GST-H2AX are not as evident as those in
lysates prepared from c-irradiation-treated cells. Thus, our re-
sults are consistent with an earlier report showing that Nbs1
binds only to ATM-phosphorylated H2AX [20], as our bacte-
rially expressed GST-H2AX appears to be phosphorylated at
Ser-139 to some degree. Consistently, treatment of GST-
H2AX with phosphatase abolished the association of WRN
and Nbs1 with GST-H2AX, and rendered it undetectable by
anti-cH2AX antibodies (Fig. 6C). Collectively, these results
suggest a reciprocal stimulation of WRN and the M/R/N com-
plex with regard to their association with H2AX. There was no
detectable WRN or Nbs1 in the GST control adsorbates, and
equal protein loading was estimated by amido black staining
(Fig. 6B). Taken together, these data support an Nbs1-depen-
dent association between WRN and H2AX, and this commu-
nally stabilizes the binding of Nbs1 to H2AX.4. Discussion
Many repair and signaling factors are recruited to the nucle-
ar foci (that span millions of bases of DNA [29]), and interact
sequentially to ﬁx the DNA lesions. In the case of HR repair,
the RPA-protected single-stranded DNA is thought to be re-
placed by Rad51 for strand invasion in search for sequence
Fig. 6. Direct bridging of M/R/N between WRN and H2AX. (A)
Recombinant H2AX protein puriﬁcation. The Rosetta E. Coli cells
transformed with the GST-H2AX vector were induced by adding
IPTG for protein expression (left panels), followed by puriﬁcation via
GST pull-down (right panels). Proteins were visualized by Coomassie
staining and the speciﬁcity was veriﬁed by immunoblotting (IB) using
anti-GST antibody. A GST control was included. The arrows indicate
the GST fusion proteins. (B) GST pull-down experiments. The
adsorbates were incubated with WRN in the presence or absence of
the M/R/N complex. The washed adsorbates were analyzed by
Western blot analysis using the indicated antibodies. The amounts of
GST and GST-H2AX proteins were estimated using amido black
staining. (C) GST pull-down experiments in the absence or presence of
the PP1 phosphatase. The experimental procedures are the same as
performed in Fig. 6B except that the GST-H2AX adsorbates were
pretreated with the phosphatase (1 unit per reaction) prior to
incubation with WRN and the M/R/N complex.
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intermediates with DNA unwinding proteins. Based on the
data presented in this report, we propose that Nbs1 recruits
WRN to optimize the repair of DNA DSBs via the HR path-
way at the resolving stage. Speciﬁcally, Nbs1 and WRN may
function together in processing the recombination intermedi-
ates (i.e., Holliday junctions). The capability of WRN to mi-
grate and unwind Holliday junctions [31,32] is consistent
with the proposed attribution of Nbs1 in the HR pathway to
the recombination intermediate processing stage [18]. The c-
irradiation-induced Rad51 foci are normal in cells deﬁcient
in Nbs1 [18], suggesting a downstream role of Nbs1, relative
to Rad51, during the HR repair process. In consideration of
a role for WRN in resolving recombination intermediates in
vivo [9], WRN and Nbs1 most likely function together at this
stage. It is of future interest to determine if WRN and Nbs1
function together to resolve less severe DNA DSBs. Currently,
these results suggest a model in which Nbs1 facilitates the
recruitment of WRN to sites of severe DNA damage in vivowhere the combined activities of WRN and Nbs1 are likely
important for the repair of recalcitrant DNA lesions.
As yet, there is no clearly deﬁned role for WRN and H2AX
in the NHEJ pathway. Earlier reports indicate that WRN,
Nbs1, and H2AX are not required for repairing DNA DSBs
by this pathway [5,10,20]. However, an in vitro NHEJ assay
was used to demonstrate an increased rate of mutagenesis
using extract from WS cells [10], and mutation of the carboxyl
terminus of the yeast H2A phosphorylation site impairs this
repair pathway [33]. In contrast, the DNA-PK complex ap-
pears to have an essential role in the NHEJ pathway. It has
been reported that the kinase subunit of the DNA-PK complex
co-localizes with cH2AX in the G1 phase of cell cycle and that
phosphorylation of WRN by the DNA-PK complex inhibits
WRNs catalytic activities [8,12,34]. Therefore, the DNA-PK
complex may regulate the role of WRN in the ﬁdelity of repair-
ing DNA DSBs via the NHEJ pathway, and this event may be
dependent upon the stage of cell cycle.
It has previously been reported that during the time course
of the c-irradiation response, the smaller foci subsequently
aggregate into larger foci that are thought to represent unre-
pairable or slowly repaired DNA DSBs [28]. The WRN pro-
tein that contained cH2AX was generally observed in larger
foci (Figs. 1B and 4), which is reminiscent of the late foci.
Our present data showing that Nbs1 recruits WRN to the foci
at a relatively late stage also support this notion. However, a
recent report demonstrated that the yeast Nbs1 ortholog
Xrs2 recruits the Tel1 protein to the vicinity of the sites of
DNA DSBs [26], which is consistent with an upstream function
of Nbs1 in response to DNA DSBs to recruit other repair and/
or signal factors. Therefore, it is also possible that WRN is re-
cruited to the damaged sites at the early stage, but it becomes
visible as the foci aggregate during the time course. Even so, it
is conceivable that the relatively late-appearing, larger WRN
foci facilitate the repair of the more refractory lesions, or they
may represent those that are resistant to normal repair mech-
anisms. Lack of this repair process in the late stage due to deﬁ-
ciency of WRN may contribute to the observed premature
aging phenotypes displayed in WS patients. This hypothesis
is consistent with a recent report showing that unrepairable
DNA DSBs accumulate during the aging process [27].
An earlier report showed that Nbs1 phosphorylation on Ser-
343 by ATM is necessary for a proper response to c-irradiation
[23,24]. This phosphorylation appears to play an integral role
in the function of Nbs1 in response to DNA DSBs. A recent
report indicates that Nbs1 phosphorylation on Ser-343 recip-
rocally sustains the kinase activity of ATM [35]. Here, we have
shown that this phosphorylation of Nbs1 is required for WRN
interaction with cH2AX. It will be of future interest to deter-
mine whether phosphorylation status of Nbs1 Ser-343 aﬀects
Nbs1 binding to WRN, cH2AX, and other DNA damage re-
sponse proteins.
On the basis of our and others observations, we propose
the model in Fig. 7. ATM is likely to be autophosphorylated
by detecting changes in the chromatin structure due to DNA
DSBs [36]. Subsequently, the activated ATM incongruently
phosphorylates H2AX and Nbs1 in the nucleosome and
Nbs1 in the storage site (possibly in the PML bodies [28]).
The ATM phosphorylated Nbs1 directly interacts with
cH2AX [20] and is likely followed by the Nbs1-dependent
WRN recruitment to the damaged site. Intriguingly, an
upstream role of the M/R/N complex to activate the ATM
Fig. 7. Current understanding of how Nbs1 recruits WRN to the
cH2AX foci in response to DNA DSBs. P, phosphorylation.
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cently been demonstrated [35,37,38]. However, it awaits fur-
ther clariﬁcation whether this holds true for higher levels of
DSB lesions. Nonetheless, both Nbs1 and WRN likely re-
main lengthy residence and play multiple roles in the foci:
to modulate the early signal events and to promote HR at
the later resolution stage. Since both WRN and Nbs1 bind
to DNA, another interesting issue to be addressed is to deter-
mine whether this interaction aﬀects their respective DNA
binding capacities and whether this depends on the types of
DNA damage. Their DNA repair functions may be stimu-
lated by their interactions with other proteins or by post-
translational modiﬁcations.
H2AX is now classiﬁed as a caretaker-type tumor suppressor
protein [39,40], which includes the human RecQ helicases
WRN and BLM [6]. Our ﬁndings help describe the steps lead-
ing to the dynamics of the protein complex at the sites of DNA
DSBs, and may elucidate why WS cells are defective in the HR
pathway [9]. Recent reports suggest an accumulation of unre-
paired DNA DSBs and defective DNA DSB repair by NHEJ
during the course of mouse aging and cell senescence [27,41].
Our current results provide a new lead to understanding the
aging mechanism in the context of WRN and the presence of
recalcitrant DNA DSBs, since we show that WRN appears
as larger foci and interacts with cH2AX at a relatively late
stage in the assembly of these foci. Understanding how
WRN interacts with H2AX may provide molecular insight
into the observed defects in DNA repair and chromosome sta-
bility by cells deﬁcient in WRN, Nbs1, or H2AX, and may
help explain the similarity between the gene expression pat-
terns of WS and normal aging [42].
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